Studies were undertaken in Long Evans rats to examine the hypothesis that chronic unilateral section ing of vasodilating nerve fibers (parasympathetic and/or sensory) innervating the circle of Willis increases infarc tion volume following unilateral branch occlusion of the middle cerebral artery (MCA) combined with temporary (45 min) bilateral common carotid occlusion. Infarct size was measured 24 h after surgical occlusion from seven coronal slices. Infarction volume (mean ± SD) in sham animals (group A) and surgically naive animals (group B) measured 153 ± 43 and 13 1 ± 38 mm3• respectively. After lesions of both sensory (nasociliary nerve) and parasym pathetic efferents at the ethmoidal foramen (group C, combined lesion) or selective lesions of parasympathetic efferents (group D), infarction volume increased [2 14 ± 47 mm3 (p < 0.0 1) and 209 ± 46 mm3 (p < 0.05), respec tively]. No increases were detected after cutting the naso-Parasympathetic (Chorobski and Penfield, 1932; Vasques and Purves, 1979; Hara and Weir, 1986; Suzuki et aI., 1988) and sensory (Mayberg et ai. 1981(Mayberg et ai. , 1984 Arbab et aI., 1986, Suzuki et aI, 1989a axons innervate the circle of Willis and cortical pial vessels. Both fiber types contain potent vasodilat ing neurotransmitters and neuromodulators and are located within the vessel adventitia (see, for review, MacKenzie and Scatten, 1987). In most species,
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parasympathetic fibers originate from sphenopala tine, otic, and small satellite ganglia and contain acetylcholine (Ach) and vasoactive intestinal poly peptide (VIP) (Gibbins et aI., 1984; Hara et aI., 1985; Walters et aI., 1986; Suzuki et aI., 1988) . Sen sory fibers originate largely from trigeminal gan glion cells and contain substance P (SP) (Liu- Chen et aI., 1983 Chen et aI., , 1984 Yamamoto et aI., 1983) , calcitonin gene-related peptide (CGRP) (Hanko et aI., 1985; Uddman et aI., 1985) , and neurokinin A (NKA) (Saito et aI., 1987) . Most likely, Ach and VIP me diate vasodilation (McCulloch and Edvinsson, 1980; Lee, 1982; Bevan et aI., 1984 Bevan et aI., ,1986 ) upon re lease from perivascular parasympathetic fibers and upon binding to receptors on endothelial or vascular smooth muscle (Wei et aI., 1980) . SP release from sensory axons in pial vessels has been demon strated in vitro (Moskowitz et aI., 1983) and prob ably exists for CGRP and NKA, as well. These neu ropeptides bind to receptors on cerebrovascular smooth muscle (CGRP) and endothelium (SP, NKA) (Furchgott and Zawadzki, 1980) to mediate relaxation (McCulloch et aI., 1986; see Edvinsson et aI., 1985) .
The role of sensory and parasympathetic fibers in the regulation of the cerebral circulation is not com pletely understood. More is known about the func tions of sensory pathways. For example, trigeminal axons contribute to the development of cortical hy peremia (Moskowitz et aI., 1989; Sakas et aI., 1989) and to the increases in pial vessel caliber (Moskow itz et aI., 1988) during severe hypertension seizures, and reperfusion following global ischemia. Of rele vance to the present study, electrical stimulation of parasympathetic pathways (Chorobski and Pen field, 1932; Seylaz et aI., 1989; Suzuki et aI., 1989b) causes vasodilation and increases in cerebral blood flow. Stimulation of sensory fibers causes a more modest increase in blood flow (Suzuki et aI., 1990) .
In this report, we examine the possibility that parasympathetic and/or sensory pathways to pial blood vessels become activated during focal is chemia. We tested this in rats previously subjected to chronic sectioning of parasympathetic and/or sensory fibers innervating the circle of Willis by determining infarction size 24 h after middle cere bral artery occlusion (as modified from Chen et aI., 1986) . The lesioning experiments take advantage of recent important anatomical data indicating that the major parasympathetic projection to the rat circle of Willis (in part from sphenopalatine ganglia located inferomedially in the orbit) and sensory projection (trigeminal ganglia located in Meckel's cave) reaches the brain vasculature by traversing the eth moidal foramen along with the external ethmoidal artery (an anastomotic branch of the internal eth moidal artery) and vein (Hara and Weir, 1986; Su zuki et aI., 1989b) . This anatomy, not found in the cat (Mcfarlane et aI., 199 1) or humans (Hardebo, personal communication), may be unique to ro dents. Because chronic parasympathetic sectioning caused larger infarcts than sham-operated or surgi cally naive animals, our data specifically indicate the importance of parasympathetic fibers to is chemic pathophysiology following middle cerebral artery occlusion. Based on the size and shape of the resulting infarcts, we speculate that parasympa thetic fibers play a critical role in promoting com pensatory flow in this focal infarction model.
MATERIALS AND METHODS

Lesioning the contents of the ethmoidal foramen
Male Long Evans rats (Charles River Labs, Wilming ton, MA, U.S.A.), weighing 200-300 g, were housed un-der diurnal lighting conditions and allowed food and wa ter ad libitum. Rats were anesthetized with ketamine HCl (100 mg/kg, i.p.) and xylazine (6 mg/kg, i.m.) and placed in the prone position. Through a curvilinear midline inci sion, the globe was displaced laterally, and the dissection along the medial orbital wall exposed the ethmoidal fora men. The external ethmoidal artery was identified enter ing the ethmoidal foramen. The contents of the ethmoidal foramen, consisting of the external ethmoidal artery and vein (the latter was not distinctly visible macroscopi cally), the ethmoidal nerve (a trigeminal branch of the nasociliary nerve), and parasympathetic nerve fibers (coursing superiorly along the medial orbital wall from the sphenopalatine ganglia), were exposed. Animals were di vided into the following six treatment groups: group A, the foramen was exposed but no lesions were performed (sham; n = 7); group B, naive (normal) rats were not subjected to anesthesia or surgery (n = 24); group C, the two nerves, artery, vein, and fine membrane were crushed (fine bipolar forceps) within 2 mm of the foramen (n = 14); group D, the membrane and attached connec tive tissue and parasympathetic fibers were resected along the medial wall surrounding the foramen (n = 10); group E, the nasociliary nerve (sensory nerve) was transected 0.5-1.0 mm proximal to the ethmoidal nerve (n = 7) (sectioning of the nasociliary nerve more distally destroys VIP-containing fibers as well); group F, the ex ternal ethmoidal artery was coagulated and transected (n = 7) and served as an additional control or sham group to the surgical procedure. In groups A, C, and D, the eye and fatty tissue surrounding the foramen were removed to visualize the anatomy better. Only one animal demon strated overt infection, and was rejected for further study. After surgery, animals were returned to their cages and kept for middle cerebral artery occlusion 10-16 days later.
Immunohistochemistry
The density of VIP-and CGRP-containing fibers was assessed in both middle cerebral arteries of 16 Long Evans rats from sham, selective parasympathetic, selec tive sensory, or combined sensory and parasympathetic lesions to determine specificity and extent of lesioning. Whole mount preparations of rat pial vessels were pre pared as described in prior publications (Uemura et aI., 1987; Mcfarlane et aI., 1991) . The ascending aorta was cannulated and descending aorta clamped. Animals were perfused with 200 ml of 0.9% saline followed by 200 ml of fixative containing I % picric acid and 2% paraformalde hyde in 0. 1 M phosphate buffer. The pial arteries were excised, washed, and placed for 30 min in phosphate buffered saline (PBS) containing 2% normal goat serum and were then exposed to rabbit antiserum against VIP 0: 1,500; antibody #A62258, lot #8827009, Inc star, Still water, MN, U.S.A.) or CGRP 0:2,000; code RPN.1842, Amersham, Arlington Heights, IL, U.S.A.) for 24 h at 4°C. Subsequently, biotinylated goat anti-rabbit immuno globulin G antibody and avidin-biotinylated peroxidase complex (Vector Lab, Burlingame, CA, U.S.A.) were conjugated to each primary antibody at room temperature for 2 h each. Immunolabeled peroxidase was visualized by incubation at room temperature for 5-10 min with 0.0 15% diaminobenzidine tetrahydrochloride and 0.003% hydrogen peroxide in 50 mM Tris HCl buffer (pH 7.6).
Middle cerebral artery occlusion
Animals were allowed food and water ad libitum except that food was withheld 3 h prior to surgery. Right middle cerebral artery (MCA) branch occlusion was performed in Long Evans rats 1 mm above the rhinal fissure and below the artery supplying the pyriform lobe (when present). In anesthetized animals (see below), a 1 cm skin incision was made at the midpoint between the lateral canthus and anterior pinna in animals placed in the lateral position. Muscles were retracted and a 3 mm craniotomy was made at the juncture of the zygoma and squamosal bone using a dental drill cooled with saline. The dura mater was opened with fine forceps. Ligation of the MCA (transection between 10-0 monofilament nylon ties) was followed by temporary (45 min) common carotid artery (CCA) occlusion. The arteries were exposed prior to cra niotomy and occluded by microaneurysm clips only after MCA occlusion was complete. Upon removal, the carotid arteries were checked for patency and return of blood flow. In most experiments, MCA occlusion in sham (group A) or group B rats was alternated with rats from an experimental treatment group so as to provide additional daily controls.
Animals were anesthetized with ketamine and xylazine as described above, and allowed to breathe room air. To control for the effects of ventilation and anesthesia, two additional experiments were undertaken. In the first, rats (n = 14) from groups A (sham) and C (combined lesion) were anesthetized with chloral hydrate (350-400 mg/kg, i.p.) and allowed to breathe room air spontaneously. In the second, Long Evans rats (n = 12) in groups A and C were subjected to tracheostomy, gallamine triethiodide (30 mg/kg, i.p.), and assisted ventilation (Harvard Venti lator, Model 683, Natick, MA, U.S.A.). Paco2 was kept <40 mm Hg in these animals. Artificially ventilated ani mals were killed 6 h after restoration of carotid blood flow.
All animals were placed on a Homeothermic Blanket Control Unit (Harvard Apparatus) that was preset at 37°C. Body temperature was monitored continuously un til 2 h after carotid clip removal. Direct arterial blood pressure recordings were obtained from the right femoral artery in selected animals (n = 24) (Welco VT-I, Winston Electronics Co, Millbrae, CA, U.S.A.) for 2.25 h after MCA occlusion. Arterial blood samples were obtained periodically for determinations of pH, Paco2, hematocrit, and glucose. Mortality was <5%. Animals with or with out assisted ventilation were killed 6 or 24 h after surgery, respectively. Animals were rejected from further study if there was inadvertent brain tissue injury, hypotension <60 mm Hg, hypothermia «36°C), or uncontrolled bleeding from the MCA. Rats were killed by decapitation 24 h after MCA occlusion unless noted otherwise.
To measure infarction size, brains were removed on ice and placed in cold saline for 10 min and sectioned coro nally into seven slices at 2 mm intervals in a rodent brain matrix (Activational Systems, Warren, MI, U.S.A.). Slices were placed in TTC (2%, 2,3,5-triphenyltetra zolium chloride monohydrate, (Sigma Chemical Co., St. Louis, MO, U.S.A.) at 37°C in the dark for 30 min fol lowed by formalin (10%) overnight (Bederson et aI., 1986) . The infarct area (noted by pale staining) was mea sured on the posterior surface of each section (except for the most anterior section) (Bioquant IV image analysis system, EVEREX computer, Mti Videocamera, Sony J Cereb Blood Flow Metab. Vol. 11. No.4. 1991 Monitor Vision, and Olympus SZH microscope). The vol umes were then calculated for each slice and for the ap propriate hemisphere. Measurements were made by M.K. and confirmed in selected brains by an observer blinded to the experimental treatment. No attempt was made to correct for dimensional changes due to tissue swelling.
Statistics
Data are expressed as mean ± SD. Statistical signifi cance of differences in infarct volume between groups was determined by ANOVA followed by Newman-Keuls post hoc tests for comparison of differences in infarct area between slices. Probability values less than 0.05 were considered significant.
RESULTS
Immunohistochemistry
The specificity and efficacy of lesioning was eval uated by comparing the density of fibers staining for CGRP or VIP in sham and nerve-sectioned animals within the middle cerebral arteries on the ipsilateral and contralateral sides (Fig. 1) . Two observers re viewing the slides independently agreed in their as sessments. VIP-containing fibers were considerably more numerous than those containing CGRP and assumed a circumferential pattern. CGRP containing fibers exhibited a mesh-like pattern. In animals subjected to crush lesions of the ethmoidal foramen, the density of fibers containing CGRP and VIP decreased on the side ipsilateral to the nerve sections by �70% compared to the intact side. Fol lowing selective lesions of the parasympathetic ef ferents from sphenopalatine ganglia, VIP containing fibers decreased by �70% whereas CGRP-containing fibers showed either no changes or a difference of <20%. Following selective naso ciliary nerve lesions, CGRP-containing fibers de creased by >50% whereas VIP-containing fibers were unaffected. No attempts were made to deter mine whether perivascular peptide-containing ax ons contralateral to the side of the lesion were af fected by the sectioning procedure.
General state of the animals
The animals tolerated chronic nerve sectioning. Complications (death and infection) occurred in <3% of operated animals.
Physiological parameters are shown in Tables 1 and 2 and in Fig. 2 for artificially and spontaneously ventilating animals. As expected, Paco2 values were high in animals breathing spontaneously, but did not differ significantly between groups except for the sham-operated animals (p < 0.05). Ad libi tum food and perioperative stress probably ac counted for the elevations in blood glucose (Tables 1 and 2). Glucose levels did not differ between groups. Baseline MABP ranged between 87 and 118 mm Hg (Fig 2) and did not differ between groups. Five and 10 min after occlusion, blood pressure rose significantly in the sham and combined lesion group (p < 0.05). Increases in group B animals were more modest and did not reach statistical signifi cance. Blood pressure subsequently decreased dur ing the period of occlusion and was approximately 90 mm Hg for the three groups 5 min after removing the CCA clips. Differences were not evident except that at 10 min of occlusion, the sham-operated an imals had significantly higher blood pressures than the other groups (p < 0.05). The physiological pa rameters for artificially respired animals ( Table 2) did not differ significantly between groups. Opera tive mortality relating to MCA occlusion in groups A-E was <5%.
Area and volumetric assessment of ischemic damage Figure 3 shows the volume of infarction as as sessed from seven TTC-stained brain slices for each of the experimental groups (A-F) of spontaneously respiring animals. The size of the infarction was slightly larger in the sham group (A) than group B, although this difference did not reach statistical sig nificance. Infarct volume was -25% of hemispheric volume in sham animals. The volumes for groups E and F were not different from either sham or control (p > 0.05). In the animals subjected to combined lesions (group C), the infarct size was 40% larger than the sham group and 63% larger than group B controls. Selective lesioning of the parasympathetic efferents (group D) increased the size of infarction by 37 and 60% from these respective groups as well.
Infarct size measured 122 ± 23 mm 3 in sham an imals anesthesized with chloral hydrate (spontane ous ventilation) compared to 184 ± 48 mm 3 in sim ilarly anesthetized animals after chronic parasym pathetic lesions (group D) (p < 0.05) (Fig. 4A) .
Among the animals respired artificially, the in farct volume was 113 ± 26 mm 3 in the sham group compared with 195 ± 38 mm 3 (p < 0.005) for arti ficially ventilated animals with combined lesions (Fig. 4B) . The ventilated sham group exhibited a smaller infarct than the unventilated sham animals (group A) (p < 0.005) probably because of the ear lier time for killing (6 versus 24 h) and perhaps be cause of reduced Pac02 (Fig. 4B) . Figure 5 compares the cross-sectional infarction areas for each of the seven brain slices (2 mm thick) in groups A-E. Slices 3-5 exhibited the largest in farcts in each group. The data from sham (group A) or group B did not differ from each other. Com bined lesions (group C) were associated with infarc tions in slices 1-7 that were greater than those in sham (group A) or group B animals, although only slices 3-6 reached statistical significance. Selective parasympathetic sectioning (group D) was associ ated with infarction areas that were greater in slices 1-5 than those in groups A or B, although only slices 1-4 were significant statistically. The affected area in slices 5 and 6 (group D) did not differ sig nificantly from the same slices in groups A, B, or C. The data following nasociliary nerve sectioning (group E) or after occluding the external ethmoidal artery (not shown) did not differ from groups A or B. Figure 6 demonstrates the zone of infarction in a representative sham and group D brain. The area of infarction for each brain slice closely approximated mean values for their respective groups. In both, the zone of infarction was restricted largely to cor tical gray matter with small involvement of under lying white matter. The infarction extended more superiorly and inferiorly on the convex surface and, as noted above, was larger In the most anterior slices (1-5).
DISCUSSION
The validity and specificity of all iesioning proce dures was previously reported (Suzuki et aI., 1989b) and established in our own laboratory (Long Evans rats) by immunohistochemistry using specific poly clonal antisera directed against VIP and CGRP. VIP-containing fibers diminished by approximately 50-90% after combined lesion or unilateral para sympathetic lesions. Infarction size increased sig nificantly following selective chronic parasympa thetic lesions (group D) or after parasympathetic and sensory fibers were lesioned together (group C). Group differences were apparently the result of sectioning parasympathetic fibers because infarc tion volumes were not increased after selective sen sory or ethmoidal artery lesions. The possibility of Evans rats. Values represent the mean ± SO. Values did not differ significantly between groups except that values were significantly lower than sham in the combined lesion group at 10 min after MCA occlusion (p < 0.05).
synergism between the two fiber pathways deserves consideration because of the more posterior loca tion of the infarct in the combined lesion group. The outcome in Long Evans rats was not related to dif ferences in blood pressure or choice of anesthesia or whether rats were respired or allowed to breathe spontaneously. Perhaps even larger infarcts would have developed had we achieved more complete parasympathetic denervation as, for example, by additional lesions of fibers from otic and internal carotid miniganglia. The importance of the para sympathetic system to infarction size is under scored by recently obtained data in spontaneously hypertensive rats (SHRs) that corroborates the above findings in artificially ventilated animals after parasympathetic sectioning (author's unpublished observations). Taken together, these results suggest a unique role for parasympathetic fibers in the pathophysiology of focal ischemia that is not shared by sensory fibers. The precise mechanism remains to be explored but recent data in SHRs indicate that flow may be lower than predicted in an area of re duced perfusion (e.g., distal to an occlusion) after nerve sectioning. We conclude that postganglionic parasympathetic fibers innervating the circle of Wi 1lis may be important to the pathophysiology of focal ischemic lesions in rats and may afford a protective role. Electrical stimulation of sphenopalatine ganglia (rat, cat) or its efferent fibers (rat) increases brain blood flow in rat (Seylaz et aI., 1988 (Seylaz et aI., ,1989 Suzuki et aI., 1989b) and cat (Goadsby, 1990) as assessed by helium clearance, laser flow probe, and e 4 C]iodo antipyrine methods. Increases were predominantly ipsilateral. Sphenopalatine projections may en hance blood flow by dilating vessels directly be cause tissue Pa02 did not fall nor did glucose me tabolism increase during electrical stimulation. Blood flow responses appear less clear following electrical stimulation of the greater superficial petrosal nerve (GSPN). The GSPN carries pregan glionic parasympathetic nerve fibers to the spheno palatine ganglia via the facial nerve and provides the major (but not exclusive) input to the spheno palatine ganglia. GSPN electrical stimulation caused an increase in cerebral blood flow in rats (Pinard et aI., 1979) and dogs (D'Alecy and Rose, 1977) that could not be confirmed in more recent studies (Busija and Heistad, 1981; Linder, 1981) . It would appear that activating endogenous mecha nisms (as performed herein) or stimulating postgan glionic structures might be more suitable for testing and defining the importance of neurogenic path ways to the cerebral circulation. One or more of several possible mechanisms might activate parasympathetic fibers during focal ischemia: (a) Trigeminal afferents and GSPN effer ents comprise a "reflex" previously associated with increases in facial and brain blood flow (Gonzalez et ai., 1975; Lambert et ai., 1984) ]. This "reflex" is unlikely to mediate the phenomenon re ported herein because infarction size did not in crease after nasociliary nerve section. (b) Activa tion of descending muitisynaptic pathways from cortex to brainstem provides a second possible mechanism for activating peripheral parasympa thetic fibers. (c) Activation of perivascular para sympathetic fibers and release of VIP and Ach Evans rats (see Fig. 3 ). 'p < 0.05 compared to sham-operated animals. (8) Denervation of rat pial vessels (crush lesion at the ethmoidal foramen) in ventilated and respired Long Evans rats is associated with increased infarction volume after MCA occlusion. Experiments were performed as de scribed in Fig. 3 except that animals (n = 5 per group) were killed 6 h after MCA occlusion, tp < 0.005 compared to sham animals. might be accomplished by local generator mecha nisms within ischemic cortex similar to that re cently described for axon reflexes in brain. Axon reflex-like mechanisms were established in hypere mic animals after chronic unilateral trigeminal gan glia or trigeminal root (rhizotomy) section (Moskowitz et ai., 1989; Sakas et ai., 1989; Mcfar lane et ai., 1991) . As noted above, when the ganglia was cut and perivascular fibers degenerated, hy peremia (during seizures, severe hypertension, or reperfusion following global ischemia) was accom panied by attenuated ipsilateral blood flows. By contrast, the magnitude of the hyperemia was nor mal and symmetrical following trigeminal rhizoto my. Because trigeminal inputs to the brainstem were blocked in both preparations, and ganglionec tomy alone destroyed perivascular sensory fibers, Cross-sectional areas (mm2 ± SD) of cortical infarction as determined from TTC staining of seven (2 mm) coronal slices, 24 h after combined MCA occlusion and temporary bilateral CCA in sham or normal Long Evans rats, or in rats (A) after crush lesions of the ethmoidal foramen (combined), (8) after selective sections of parasympathetic efferents from the sphenopalatine ganglia, or (C) after selective sensory (nasociliary nerve) lesions. Slice #1 is the most anterior. Post hoc comparisons were made between individual sections from each of the groups using the Newman-Keuls test (*p < 0.05).
an axon reflex mechanism was established. Similar mechanisms have not been described as yet for the parasympathetic system.
In conclusion. we have established the impor tance of parasympathetic fibers emanating in part from the sphenopalatine ganglia to the pathophysi ology of focal cerebral ischemia by demonstrating that the volume of affected tissue dramatically in creases after chronic nerve sectioning. We specu late that the mechanism may relate to adjustments FIG. 6. Infarction areas are out lined in seven coronal slices from one sham (group A) and one parasympathetic lesioned Long Evans rat (group D) after MCA occlusion as described in 
